The perceived lightness of a stimulus depends on its background, a phenomenon known as lightness induction. For instance, the same gray stimulus can look light in one background and dark in another. Moreover, such induction can take place in two directions; in one case, it occurs in the direction of the background lightness known as lightness assimilation, while in the other it occurs opposite to that, known as lightness contrast. The White's illusion is a typical one which does not completely conform to any of these two processes.
INTRODUCTION
17 Studies of visual illusions generally provide some new insight in the understanding of the 18 process of visual perception by human brain. Though there is no dearth of such studies, many of 19 those are concerned with qualitative analysis only. Comparatively fewer in number are the 20 reports of systematic and quantitative psychometric experiments to measure the dependence of 21 the extent of illusory effects on the variation of some relevant parameters of the figures. 22 Following the footprints of the earlier papers Troncoso et al., 2005) , we 23 undertake such an experiment on a popular illusion, known as the "White's Illusion" (White, 24 1979) . Though coloured prototypes of almost identical illusions were designed much earlier by 25 Munker (1970) and Gindy (1963) , the present paper is confined to the black and white version. 26 White's Illusion, according to its author (White, 2010 ) is one of the strongest lightness illusions. 27 The term "lightness" merits some discussion. Appearance of an object to the Human Visual 28 System (HVS) depends not only on the luminance (luminous intensity over a given area and 29 direction) but also on the reflectance of the object. Brightness is defined as the "apparent 30 luminance", while lightness is termed as the "apparent reflectance". Brightness ranges from 31 "dim" to "bright". Lightness ranges from "dark" to "light". In this paper "lightness" refers to 32 neutral colours from black to white, through the range of grays, and even if the term perceived 33 brightness occurs in comparison to darkness, it is meant to refer to lightness only, as explained 34 above. (White, 1981) . The gray patch on the black 36 bars appears lighter than an identical gray patch on the white bars. It can be noted that in this 37 illusion, the gray target that appears darker are bordered by more black than white, and the 38 targets that appear lighter are bordered by more white than black, and this in fact happens 39 independent of the aspect ratio of the targets. 40 Many visual illusions (like simultaneous brightness contrast illusion) are explained with the help 41 a concept called lateral inhibition (LI), which arose from the pioneering description of the 42 center-surround receptive field (RF) in mammalian retina by Kuffler (1953) . Here one assumes 43 that the stimulus generated through the cells of the central region of the RF is inhibited by the 44 cells of the peripheral region of the RF. The concept was further experimentally corroborated by 45 Hubel & Wiesel (1962) and subsequently refined through the theoretical models like 'Difference 46 of Gaussians' or DOG (Rodieck and Stone,1965) and 'Laplacian of Gaussians' or LOG (Marr, 47 1982) . According to LI, a gray patch surrounded by a dark region appears lighter to HVS than an 48 identical patch surrounded by white region. White's illusion obviously exhibits properties 49 contrary to the concept of LI. Hence from the very beginning, alternative models were sought to 50 explain the phenomenon. A strong contender to LI is the supposed process of assimilation, in 51 which it is assumed that in HVS there is a tendency to perceive the objects in the colour of their 52 surroundings. Thus a gray object on a dark background appears darker than an identical object in 53 the white background. While the process of LI is subtractive, the process of assimilation is 54 additive. It is further conjectured that LI is computed at the retinal level, while the process of 55 assimilation is accomplished at the cortical level. Interesting aspect of White's illusion is that it 56 does not completely conform either to the process of lateral inhibition or to the process of 57 assimilation. Let us now focus our attention on the previous records of the experimental follow-58 ups on White's illusion.
59 Past experiments on White's illusion 60 Some of the past experiments concerned with White's illusion are reported here. In order to test 61 whether the process of assimilation is the leading factor for the White's illusion, (Kingdom & 83 Such a study was undertaken by Anstis (2005) using a matching method. Separated from the 84 grating area of White's illusion, a gray patch was adjusted for the perceptual matching. 85 Experiment was performed at five different spatial frequencies, starting from 0.627 cpd to 7.53 86 cpd (the unit cpd means cycles per degree of visual angle). As the spatial frequency was 87 increased, the apparently lighter patch looked progressively even lighter and the apparently 88 darker patch looked progressively even darker. At the highest spatial frequency, one of the test 89 patches looked 2.5 times lighter than the other patch. Similar results were also obtained for the 90 standard White's illusion by Blakeslee and McCourt (2004) .
Our experiment
92 In order to quantify the illusory effects of White's Illusion with variation of grating width, 93 psychometric experiment has been conducted. Three adult males and three adult females are 94 chosen to constitute the subject group. Four of the subjects were naïve while the remaining two 95 subjects were chosen from among the authors. Each experimental session was of duration 30 96 minutes and 5 such sessions completes a full cycle of experiment. Written consent was obtained 97 from all subjects.
98 The experimental arrangements were designed identical to that described in Shi et al. (2013) , 99 Troncoso et al. (2005) . A chinrest was placed 57 cm away from a linearised video monitor (HP 100 Compaq LE 2002X with resolution 1024 x 1024 pixels). During the experiment, subjects rested 101 their heads on it and viewed all the screen images (stimuli) binocularly. Two-alternative forced-102 choice (2AFC) paradigm, introduced by Fechner in 1889, was used in these lightness 103 discrimination experiments. Visual comparisons between the lightness of a White Illusion stimuli 104 (comparator stimuli) and a graded gray patch (standard stimuli) pasted on a 50% gray 105 background of uniform intensity 128, as shown in Fig. 3 (a), were conducted by different 106 subjects. At the beginning of each trial, the subject was instructed to fix attention on a central red 107 cross (1° within a 3.5° fixation window). After a lapse of 1 second, two sets of stimuli 108 (comparator and standard) appeared on the screen simultaneously. One of them was centered at 109 7° to the left while the other centered at 7° to the right of the central cross. 111 The White's Illusion stimulus (henceforth to be called as a comparator) was a grating of black 112 and white stripes, in which a portion was partially replaced by a uniform gray rectangle as shown 113 in Fig.1 . While designing the stimuli, a relative scale was considered, in which, the intensity of 114 the black stripe was 0%, while that of white stripe and the uniform rectangle were 100% and 115 50% respectively. In absolute scale, the intensity of the black stripe, white stripe and uniform 116 gray rectangles were 0, 256 and 128 respectively. Within the comparator, the perceived lightness 117 of the gray rectangles were strongly influenced by the lightness of the co-axial bars. It should be 118 further noted that the width of the co-axial bars also had strong influence in modulating the 119 perceived lightness of the gray rectangles. Five possible widths (3.67 cpd, 1.46 cpd, 0.738 cpd, 120 0.493 cpd and 0.368 cpd) were considered in our experiment. For the smallest width i.e. 3.67 121 cpd, eleven number of bars could be accommodated within the stimulus, whereas for the largest 122 width i.e. 0.368 cpd, the number of bars had to be reduced to 5. This variation in the number of 123 bars had been done to ensure that the region of comparison always be within 7° around the 124 central cross mark.
125 The standard stripe on the other hand was divided into 11 segments of varying intensity. The 126 relative luminance of these segments were categorized as 5%, 14%, 23%, 41%, 50%, 59%, 68%, 127 77%, 86% and 95%. The corresponding intensity values were 11, 23, 36, 59, 82, 105, 128, 150, 128 173, 196, 219 and 242 respectively. The order of appearance of these 11 segments within the 129 standard bars was scrambled pseudo-randomly. Both the stimuli, i.e. the comparator and the 130 standard, subtended 21° vertically. Two red vertical indicator lines were displayed 6° from the 131 top and the bottom end of both the standard and the comparator, in order to confine the attention 132 of the subject within the specific region of the stimuli to be compared. This is shown pictorially 133 in Fig. 3b for three different cases. As explained above, the vertical red-lines could select any 134 one of the 11 segments in the standard stripe pseudo-randomly with equal probability. It is to be 135 noted further that the red-lines were always aligned with the centre of one of the luminance 136 segments.
137 The subjects were allowed to be accustomed with the arrangement for a brief period of time. The 138 stimuli appeared on the display for 3 seconds and then disappeared. The subjects had to give 139 their judgments within this period using two keys from the keyboard. Following 2AFC protocol, 140 if the comparator appeared to be lighter than the standard, the subjects had to press Key Number 141 One, otherwise they had to press Key Number Two.
142 Subjects need not had to wait till the stimuli disappeared from the display, rather they were free 143 to give their judgment as soon as they felt confident. One after another such pairs of stimuli 144 appeared on the display for a duration of 3 seconds and the subjects had to compare the lightness 145 of the comparator stimulus with that of the standard stimulus, which were always positioned 146 exactly at the centre between the inner edges of the red-line markers.
147 In this process a particular region of interest in the comparator was judged against the parallel 148 segment of the standard. The random choice of the selection of the region of interest ensured 149 unbiased and uniform probability distribution. The difference of luminance between the 150 comparator and the standard, as judged by the subject, is a function of the luminance of the 151 segment within the standard stimulus at the point of comparison. In reality there exists no 152 difference in the luminance of the co-occurring comparator and the standard. Therefore the 153 apparent appearance of the segment of the comparator to be lighter or darker than that of the 154 corresponding segment of the standard is entirely due to the psychophysical effect.
155 To keep the subjects unbiased, alert and attentive and also to avoid the fatigue during the 156 experiments, various parameters were randomly changed during the display. A number of criteria 157 were used in designing the experimental session as listed below: 158 (a) The subjects were exposed to a light appearing comparator (co-axial black region) in one 159 half of the trials and a dark appearing comparator (co-axial white region) in the other half 160 of the trials. 166 Several such stimuli are shown in Fig. 3(b) . Five experimental sub-sessions completed the full 167 cycle of a session. Throughout a session, the grating frequency of the comparator remained 168 constant. Each subject participated in 5 experimental sessions. The widths of the comparator 169 black and white stripes are designed as 3.67 cpd, 1.46 cpd, 0.738 cpd, 0.493 cpd and 0.368 cpd. 170 A complete session consisted of 150 trials and in each trial, the subjects recorded his\her 171 judgment. The variations introduced in designing the stimuli are listed below in a tabular form in 172 Table 1 . Fig. 4(c) . The present authors (Mazumdar et al., 257 2016) have faced similar problems while simulating the Mach band illusion with DoG filter. We 258 have observed that any simulation, with a DoG filter having fixed values of the space constants 259 for both excitatory and inhibitory Gaussians, leads to wrong predictions as the sharpness of 260 discontinuity in the intensity profile of the Mach band is increased. Much better simulation may 261 be obtained if the space constant of the inhibitory Gaussian is reduced with the sharpness of 262 discontinuity. In case of step edge (i.e. at the sharpest discontinuity) no Mach band is observed, 263 an event which may be simulated by assuming the space constant of the inhibitory Gaussian to 264 be zero. We, therefore, conjecture that there are situations in which the HVS prefers to filter with 265 a single Gaussian rather than DoG. Since the sharp edge is mostly populated with high frequency 266 components, we may further assume that images with large proportion of high frequency 267 spectrum are filtered by HVS with a single Gaussian or in other words simply by smoothening 268 the picture.
269 In the light of the above, it may be stated that White Illusion stimuli (whose visual response 270 cannot be simulated through DoG filter) have more high frequency components in its spectrum 271 in comparison to, for example, any Simultaneous Brightness Contrast stimulus (whose visual 272 response is well reproduced through a DoG filter). We have, therefore, tried to simulate the 273 effects of White's illusion with a single excitatory Gaussian filter. In choosing the space 274 constant, we observe that the value of the appropriate depends on the value of the grating 275 frequencies for realistic simulation. The filter outputs at the point of discrimination for different 276 widths are plotted in Figure 6 . It may be noted by comparing the Figure 6(a) with Fig. 4(c) , that 277 simulation with small value of space constant ( ), yields better agreement with the 278 psychometric curves at higher grating frequencies, but fails at lower grating frequencies. For 279 large values of , the opposite behavior is observed, as is shown in Figure 6 301 Discussion 302 It is well known that the simultaneous brightness contrast (SBC) and the White's illusion (WI) 303 show strikingly contrastive behavior so far as lateral inhibition phenomena is concerned. 304 Psychometric data on SBC , can be explained using a DoG based linear filter 305 model. However, WI cannot be explained by invoking the principle of lateral inhibition. We 306 propose a linear filter model in which the lateral inhibition part of the centre surround model is 307 adaptive in nature. Previously we had used a similar model (Mazumdar et. al., 2016) to explain 308 the variation of the width of Mach bands with the sharpness of discontinuity in the intensity 309 profile of an edge. A Fourier analysis based adaptive model was proposed to show that the effect 310 of surround suppression had to be reduced as the contrast at the edge increased. In the extreme 311 limit of binary edges, where the contrast is maximum and represented by a step edge, no lateral 312 inhibition takes place, so that over there the DoG kernel gets converted into a Gaussian kernel 313 without any surround. It should be noted here that the spectrum of step edges are very rich with 314 high frequency components.
315 Extending the argument in case of White's illusion, where the edges are strong and many in 316 number, and hence the spectrum is rich in high frequency components, we propose a Gaussian 317 kernel to explain the visual process in the framework of a linear filter method. The methodology 318 of fixing the values of in this linear filter has been described above. In Fig. 7 , we have plotted σ c 319 the logarithm of percentage illusory enhancement, as measured from our experiments, with the 320 grating frequency or cpd (in a log scale). The linear nature of the variation bears close similarity 321 with the graph shown in figure 1.1(b) of Anstis (2005) . We further plot in Figure 8 , the variation 322 of the logarithm of the fitted scale factors of the effective receptive field with the grating 323 frequency in the logarithmic scale. The linear variation in the graph shows a striking similarity 324 with the linearity exhibited in Figure 7 . This shows a possibility of fixing the values of the scale
